Abstract: A compact, cost-effective and polarization insensitive bidirectional optical link for GNSS-based aircraft attitude determination or structural health monitoring system is proposed and demonstrated. The system has a reduced system error for relative hardware delay monitoring.
Introduction
The use of Global Navigation Satellites System (GNSS) for aircraft attitude determination or structural health monitoring has been developed for more than 20 years [1] [2] [3] . By processing the phase differences of the GNSS carrier signals received at multiple antennas, centimeter-or millimeter-level positioning precision can be achieved if the antennas are separated with certain distances (i. e. baselines). However, due to the high loss, high weight, and large thermal coefficient of the copper cables, the length of the baseline is always limited. In addition, the cables are very sensitive to the electromagnetic interference, making the system being easily interrupted. To solve these problems, GNSS over fiber systems were proposed [4, 5] . A typical GNSS over fiber system is shown in Fig. 1 (a) [5] . An electrical local oscillator (LO) signal is generated in the local station and modulates the optical carrier from a laser diode (LD). The optical microwave signal is distributed to the remote antenna units (RAUs) via downlink fibers. In each RAU, the optical microwave signal is divided into two parts. One part is led to a PD to recover the electrical LO, which is amplified to downconvert the received GNSS signal to the intermediate frequency (IF) band at an electrical mixer. The other part is injected into a directly modulated semiconductor optical amplifier (DM-SOA) driven by the IF signal. After transmission back to the local station through an uplink fiber, the LO signal is detected and compared with the LO signals from other RAUs to monitor the relative hardware delay of the GNSS signal, while the IF signal is sent to a GNSS receiver to obtain the position parameters for each RAU. However, the downconversion of the GNSS signal using a portion of the LO signal needs an extra optical coupler, a RF mixer and a PD. This not only increases significantly the cost and complexity of the RAU, but also increases the error of the relative hardware delay measurement because the relative hardware delay of these components can not be monitored using the LO signal [5] .
In this paper, a compact bidirectional link for the GNSS over fiber system is proposed and demonstrated. In the proposed system, the frequency downconversion is done directly in the optical domain, making the RAU very simple. In addition, it will decrease the error when using LO signal to measure the relative hardware delay of the GNSS signal because there are no extra optical couplers or PDs in the RAUs. An experiment is carried out. The key parameters of the link characterized by the phase noise of the LO signal, the signal-to-noise ratio (SNR) of the GNSS signal and the polarization sensitivity are measured. Fig. 1(b) illustrates the schematic diagram of the proposed bidirectional link, which comprises of a LD, an optical circulator, a reflective semiconductor optical amplifier electroabsorption modulator (RSOA-EAM), an electrical amplifier, a LO, and a PD. In the local station, the optical carrier generated in the LD is directly modulated by a 1.54-GHz LO signal. Then, the modulated signal is sent to a length of single-mode fiber (SMF) through the optical circulator. In the RAU, the RSOA-EAM is a semiconductor optical amplifier (SOA) and an electroabsorption modulator (EAM) integrated circuit with a high-reflection coated facet. The SOA in the RSOA-EAM is operated in the linear region, which can amplify the optical downlink signal (i.e. the LO signal). The amplified optical LO signal is then modulated at the EAM by the received GNSS signal. Due to the electrooptical mixing in the EAM, the received GNSS signal is downconverted to the IF band by the 1.54-GHz LO signal. The downconverted GPS-IF signal and the 1.54-GHz LO signal are reflected back to the local station by the high-reflection coated facet of the RSOA-EAM, in which the LO signal is used to monitor the relative hardware delay of the GNSS signal, and the IF signal is sent to a GNSS receiver for position measurement. As compared with the optical link proposed in [5] , an optical coupler, a RF mixer, a PD and several connectors are saved in each RAU, making the RAU compact and cost-effective. Besides, the relative hardware delay of the optical coupler, RF mixer and PD in the previously reported RAU [5] is considered as the system error for the relative hardware delay measurement which is now removed in the proposed system. Fig. 1 . Schematic diagrams of (a) the typical fiber link and (b) the proposed bidirectional link for the GNSS over fiber system. DM-SOA: directly modulated semiconductor optical amplifier; RSOA-EAM: reflective semiconductor optical amplifier electroabsorption modulator; PD: photodetector; LD: laser diode; LO: local oscillator; AMP: amplifier.
Principle

Experimental Demonstration
An experiment is performed based on the configuration shown in Fig. 1(b) . A distributed feedback LD biased at 60 mA (in the linear region of its P-I curve) is directly modulated by a 1.54-GHz LO signal generated by a microwave source (Agilent N5181A). The emitted power of the LD is 10 dBm. The optical microwave signal is transmitted through a 150-m SMF and then introduced to a RSOA-EAM (CIP Inc.) in the RAU. The RSOA-EAM is driven by a simulated Global Positioning System (GPS) signal generated by a vector signal generator (Agilent E8267D). The center frequency of the GPS signal is 1.57-GHz. The electrical spectra of the signals are monitored by an electrical spectrum analyzer (ESA, Agilent E4447AU) with a phase noise measurement module. In order to obtain the high-quality GPS-IF signal for accurate position measurement and the 1.54-GHz LO signal for high-precision relative hardware delay monitoring, the third-order intermodulation distortion (IMD3) in the received GPS-IF signal and the phase noise of the LO signal is measured after the PD in the local station. The GPS-RF signal is replaced by a two-tone signal with frequencies of 1569MHz and 1571MHz. The bias voltage of the EAM in the RSOA-EAM is fixed at -2.0 V. Fig. 2 (a) shows the power ratio of the fundamental signal and the IMD3 component as a function of the bias current of the SOA in the RSOA-EAM when the optical power to the RSOA-EAM is -6, -8, or -10 dBm, respectively. In the small bias-current region, the population of the carrier in the SOA is very small, so the injected optical signal would easily deplete the carrier, resulting in gain saturation and relatively large IMD3 component. The IMD3 component would be decreased with the increase of the bias current of the SOA until the SOA is operated in the nonlinear region. As a result, a peak is presented for each curve. The smallest IMD3 is -54.2 dBc when the bias current of the SOA is 44 mA and the optical injection power is -6 dBm. Fig. 2(b) shows the phase noise of the 1.54-GHz LO signal received in the local station versus the bias current of the SOA in the RSOA-EAM. The phase noise of the original LO signal is -116 dBc/Hz@10 kHz offset. Because of the amplified spontaneous emission (ASE) noise in the SOA, the phase noise becomes higher when the bias current is larger. When the bias current of the SOA is 44 mA and the optical injection power is -6 dBm, the phase noise is -92 dBc/Hz@10 kHz offset. Because of the polarization independence of the RSOA-EAM and other optical devices used in the scheme, the operation of the scheme should be also polarization independent. In the experiment, by adjusting the polarization state of the lightwave from the LD, the polarization dependent loss (PDL) is less than 1 dB Fig. 3 . Electrical spectra of (a) the downconverted 30-MHz GPS-IF in the local station, (b) the GPS-RF signal generated by the vector signal generator, (c) the received 1.54-GHz LO signal in the local station and (d) the 1.54-GHz generated by the microwave source. Fig. 3 shows the electrical spectra of the downconverted 30-MHz GPS-IF signal and the 1.54-GHz LO signal received in the local station. As a comparison, the electrical spectra of the GPS-RF signal and the original LO signal are also plotted in Fig. 3 . As can be seen, the GPS-RF signal is successfully downconverted to the IF band by the RSOA-EAM. No significant IMD3 components are found. The SNR of the received 30-MHz GPS-IF signal is estimated to be 33 dB. The 1.54-GHz LO signal received in the local station which is used to measure the relative hardware delay, has some phase noise degradation as compared with the original signal, but the noise level is still very low which would not affect the relative hardware delay measurement.
Conclusion
A bidirectional link based on a RSOA-EAM for the transmission of GNSS signals over fiber is proposed and demonstrated. The SNR of the received downconverted GPS-IF signal can reach 33 dB and the phase noise of the received 1.54-GHz LO signal for relative hardware delay measurement is -92 dBc/Hz@10 kHz offset. The scheme is compact, cost-effective, polarization insensitive, and has a reduced system error for relative hardware delay monitoring, which is a promising solution for the GNSS-based aircraft attitude determination or structural health monitoring systems.
